The decomposition of simple organic chlorides (carbon tetrachloride, CCl 4 and mono-chlorobenzen, C 6 H 5 Cl) as the imitation substances of polychlorobiphenyls (PCBs) were investigated by using basic molten salts with a low melting point and oxidizing ability in order to establish a safe, simple and highly efficient decomposition process. CCl 4 or C 6 H 5 Cl was injected together with an inert carrier gas (Ar) into basic molten salts (KOH-K 2 CO 3 ) at 673-983 K, and the residual concentration in the exhaust was measured. The decomposition efficiency of CCl 4 strongly depended on the reaction temperature and the immersion depth of gas injection nozzle (related to the residence time of CCl 4 bubble in the molten salts). The decomposition efficiency reached to very high of 99.9% with KOH-20 mol% K 2 CO 3 at 973 K. On the other hand, the decomposition efficiency of C 6 H 5 Cl was not so high (97%) in the inert atmosphere condition applied in this study.
Introduction
Halogenated organic compounds such as chlorofluorocarbons (CFCs) and polychlorobiphenyls (PCBs) were widely used industrially as the refrigerant gas or the insulation oil etc. because of their excellent chemical and thermal stability. However, the production of CFCs and PCBs is currently prohibited by law in Japan since serious problems such as the destruction of the ozone layer in the polar zone, environmental burden and strong toxicity were found. 1 Furthermore, their displacement and the use are also strictly restricted. The business proprietors storing the compounds are obligated to safely dispose of the compounds by law, but a large amount of the untreated compounds is still left. 2 Therefore, the development of safe and efficient waste treatment process for the compounds are strongly desired.
The most conventional waste treatment method for the halogenated organic compounds is incineration. U.S. Environmental Protection Agency (EPA) decreed that the incineration process for PCBs should be carried out for at least 2 seconds as the residence time in the combustion furnace at 1473 K under the atmosphere containing at least 3 vol% O 2 , which gave the decomposition efficiency of 99.9999%. 3 However, it was found that dioxins were formed in the exhaust after the incineration around at 573 K in the cooling step. 3 Therefore, the hot combustion gas was directly introduced into cold water for quench, 3 but the certain amount of dioxins was formed.
The practical decomposition processes for PCBs in Japan 4 are the dechlorination by using metallic sodium 5, 6 and the hydrothermal oxidation by using hot water or supercritical water. 710 These processes reliably decompose PCBs, but they require long time for the processing. The reduction decomposition by using hydrogen gas 11 and the decomposition by using ultraviolet light 12 are also studied as an alternative process in laboratory scale, but the problem of slow processing speed has not been solved.
Asakura proposed a new highly efficient decomposition process for CFCs by using basic molten salts and demonstrated its feasibility. 13, 14 For instance, CCl 2 F 2 was destructed at 873 K with the decomposition efficiency of 99.98% by using molten NaOH (single hydroxide). 13 On the other hand, the decomposition process for chemical weapons or harmful organic compounds by using molten alkaline carbonate was investigated in USA since 1960s. 15 Previously, the researchers in Lawrence Livermore National Laboratory in USA studied the decomposition process named as Molten Salt Oxidation (MSO). 16, 17 The nuclear engineering researchers in South Korea also studied the decomposition of organic wastes such as halogenated plastics by using MSO.
1822 For instance, carbon tetrachloride (CCl 4 ) and mono-chlorobenzene (C 6 H 5 Cl) were destructed at 10231223 K with the decomposition efficiency of 99.997 and 99.95% by using molten Li 2 CO 3 -50 mol% Na 2 CO 3 mixture (mixed carbonate), respectively. 21 When the incineration in a gas phase is carried out, by-products containing halogens are emitted into the exhaust, which causes the formation of dioxins by recombination reaction. On the other hand, in the decomposition processes by using molten salts, halogens as acidic element react with alkaline molten salts and are trapped in a liquid phase. The exhaust after the decomposition treatment is automatically separated from the liquid phase, which prevents the formation of dioxins. Furthermore, the temperature of reaction field is uniformly controlled because the decomposition reaction proceeds in the condensed phase.
Based on the background, the authors planned to develop the advanced process to destroy the compounds containing halogens by using basic molten salts with a low melting point and an oxidizing ability (mixed salt of hydroxide and carbonate). Figure 1 shows the concept of the decomposition process. Organic chlorides are injected into molten salts as the reaction field together with carrier gas, and they form bubbles to be reacted with the molten salts during rising. The chlorine in the compounds is trapped in the molten salts and is separated from the exhaust. The advantages of the decomposition process by using basic molten salts are summarized as follows: (1) halogens are effectively trapped, (2) no dioxins are formed and only simple harmless compounds (CO 2 and H 2 O) are emitted, (3) operation temperature is lower than the incineration, and temperature control is easy, (4) decomposition treatment can be carried out at atmospheric pressure, (5) handling of chlorine absorber (molten salts) is easy compared to reactive chemicals such as metallic sodium.
Until now basic molten salts with a low melting point and an oxidizing ability have not been applied to the decomposition of PCBs. Therefore typical organic chlorides, CCl 4 and C 6 H 5 Cl, were selected as a simplified imitation substance of PCBs as a first step of the project in this study. The decomposition efficiency and dominant factors by using basic molten salts were investigated.
Experimental

Chemicals
CCl 4 (boiling point: 349 K) 23 is the simplest organic chloride, and C 6 H 5 Cl (melting point: 228 K, boiling point: 405 K) 24 is the simplest chloro-aromatic compound. They are suitable for fundamental investigation on chemical reaction with molten salts. Since CCl 4 has relatively high vapor pressure at room temperature (p CCl4 = 17 kPa at 298 K), 23 CCl 4 was cooled in a feed container (regulator) and held at 273 K by iced water in order to decrease the vapor pressure (p CCl4 = 5.3 kPa at 273 K, corresponding to 52300 vol-ppm). 23 C 6 H 5 Cl was maintained at room temperature (298 K) because of relatively low vapor pressure.
Experimental conditions for the decomposition of CCl 4 are summarized in Table 1 (Exps. A, B, C, and D). Since molten salts used for the decomposition should be basic to absorb chlorine and should have oxidizing ability to decompose organic components, the mixture of potassium hydroxide, KOH (melting point: 677 K) 25 and potassium carbonate, K 2 CO 3 (melting point: 1171 K) 25 was used. The KOH-K 2 CO 3 system shows a simple eutectic (eutectic point: 639 K at 9.3 mol% K 2 CO 3 ) 25 as shown in Fig. 2 . The salts of KOH-4.3 mol% K 2 CO 3 (liquidus temperature: 660 K) and KOH-20 mol% K 2 CO 3 (liquidus temperature: 760 K) 25 were used. For the decomposition of C 6 H 5 Cl, the latter salt (KOH-20 mol% K 2 CO 3 ) was used.
Experimental apparatus and analysis
The experimental apparatuses (including gas flow system and reaction chamber) are shown in Figs. 3 and 4. The vapor of the chemical was transported to the reaction chamber together with an inert carrier gas (Ar) at the rates of 10 and 30 ml·min ¹1 (standardized at 298 K under 1 atm). In Exps. A and B (see Table 1 ), an extra Ar was also introduced from the bottom of the quartz vessel [see Reaction temperature was continuously increased at the rate of 50 K·h ¹1 . Concentration of carbon tetrachloride remained in the exhaust was measured at the interval of 7 min. b Extra Ar was also flowed for the dilution of the exhaust through the flow meter 2 (see Fig. 2 ). Figure 2 . Phase diagram for KOH-K 2 CO 3 system. 25 Temperature range for experiments is also shown.
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The mixed gas was injected into an empty crucible (high purity alumina, 99.5%, inner diameter: 30 mm) through a gas nozzle (high purity alumina, 99.5%, inner diameter: 4 mm) for evaluating the thermal decomposition of CCl 4 in Exp. A. The gas nozzle has a hole (inner diameter: 2.5 mm) at the end. The reaction temperature was continuously elevated from 673 to 873 K at the rate of 50 K·h
¹1
, and the residual concentration of CCl 4 in the exhaust was measured at the interval of 480 s (8 min).
In Exps. B, C, and D, the mixed gas was injected into the molten salts in the crucible at 673973 K through the gas nozzle. The gas nozzle was immersed in the molten salts at the depth of 1090 mm from the surface. The mixed gas introduced into the molten salts forms bubbles to be reacted with the molten salts during rising. For the decomposition of C 6 H 5 Cl (Exp. E), the mixed gas was injected into the molten salts at the rates of 10 ml·min ¹1 at 853983 K through the gas nozzle. The immersion depth of gas nozzle was 90 mm.
The residual concentrations of CCl 4 and C 6 H 5 Cl in the exhaust were measured by using a gas chromatograph (GC-14B, Shimazu Co.). The decomposition efficiency, ¾ was determined by following equation.
where C E and C I indicate the concentrations of chemicals in the exhaust and in the feed mixed gas, respectively. The concentration of chemicals indicates vol-ppm at 298 K under 1 atm.
Thermodynamic expectations
The standard Gibbs energy change of thermal decomposition of CCl 4 is as follows. The driving forces (Gibbs energy change) of the decomposition reactions (3) and (4) are very large. From the viewpoint of thermodynamics, the above reactions easily proceed. For the decomposition of C 6 H 5 Cl, following reactions were assumed for the simple thermodynamic evaluation, although many products (complicated organic compounds) may be formed by the decomposition of C 6 H 5 Cl. Flow meter 1 Ar gas cylinder Gas chromatograph (GC) Figure 3 . Experimental apparatus including gas flow system for decomposition of simple chlorinated compounds by basic molten salts. In the reactions (5), (6) , and (7), the decomposition of C 6 H 5 Cl by molten salts proceeds from the thermodynamic evaluation.
Results and Discussion
Decomposition efficiency by thermal decomposition of
CCl 4 The change in residual concentration of CCl 4 is shown in Fig. 5 . The concentration was almost unchanged from 673 to 773 K, and it gradually decreased from 773 K. The concentration decreased to 7900 vol-ppm at 873 K, which indicates that 39% of CCl 4 was decomposed by the thermal decomposition. Namely, the decomposition efficiency was low at the temperature range in this study. This implies that the rate constant for the thermal decomposition of CCl 4 is small at the temperature range.
Decomposition of CCl 4 by molten salts
The residual concentration of CCl 4 in the exhaust after the decomposition by molten salts is shown in Figs. 68. The decomposition efficiencies are summarized in Table 1 . Figure 6 shows the influence of the immersion depth of the gas nozzle. The immersion depths were 10, 50, and 90 mm. The residual concentration of CCl 4 decreased with increasing the immersion depth. For instance, the concentrations at 773 K were 423, 25, and 12 ppm in 10, 50, and 90 mm depth, respectively. Amazingly, the concentrations at 873 K were under detection limit of gas chromatograph (³2 ppm) at all the depths.
It was difficult to determine the residence time of mixed gas bubble in molten salts. The residence time was then estimated by using an imitation transparent reactor made of Pyrex glass at room temperature. Water was used as imitation fluid because the viscosity of water is close to that of the molten salts (© water = 0.89 mPa·s at 298 K, 26 © KOH = 0.80 mPa·s at 873 K
27
). Ar was introduced into water at the rates of 10 to 30 ml·min ¹1 in order to make the bubble diameter similar to that in molten salts. When the gas flow rate was slow, small bubbles formed on the tip of gas nozzle were detached and lifted independently. On the other hand, the diameter of unit bubble significantly increased and coalesced each other during the rising when the gas flow rate was fast, which gave the formation of large bubble. The estimated average residence time of bubble was 0.70.9 s in the immersion depth of 90 mm. This means that the decomposition rate of CCl 4 by molten salts is very fast in spite of low temperature compared with the incineration. Furthermore, the melting temperature of the hydroxide based salt used in this study is considerably low compared with the mixed carbonate used by other researchers, 1622 which enables the processing at a lower operation temperature. Oxidation load to reactor material is then drastically decreased by using this process. . Extra Ar was also flowed for dilution of exhaust through flow meter 2 (see Fig. 3 ). . C, D) . The concentration drastically decreased with increasing temperature. In Exp. C, the concentrations for 50 mm depth were 43065, 6345, and 500 vol-ppm at 773, 873, and 973 K, respectively. In Exp. D, the concentration at 973 K was lowered to the detection limit of the gas chromatograph (³2 ppm) in all the depths. The decomposition efficiency reached to very high of 99.9% at 973 K in Exp. D.
Concentration of CCl
The decomposition efficiency is dependent on the residence time and decomposition rate. The actual residence time of bubble is unclear, but the relative change was qualitatively estimated by using Stokes' terminal velocity expressed by following equation.
Where, v: terminal velocity of bubble in fluid, r: radius of bubble, g: gravitational acceleration, µ f : density of fluid, µ p : density of gas in bubble, ©: viscosity of fluid. The lifting rate of bubble in the molten salts might not reach the terminal velocity due to very short distance, but Eq. (8) is effective for qualitative discussion. When temperature is increased, both µ f and © decrease (r is constant and µ p is negligible). However, © drastically decreases compared with µ f . For instance, the viscosities of KOH are 1.29 and 0.42 mPa·s at 773 and 973 K, respectively. On the other hand, the densities of KOH are 1.67 and 1.59 g·cm ¹3 at 773 and 973 K, respectively. This means that the terminal velocity at 973 K is almost three times of that at 773 K. Namely, the residence time decreases with increasing temperature.
As described above, the residence time is decreased by increasing temperature, which contributes to the decrease of decomposition efficiency. However, the decomposition efficiency was drastically increased with an increase of temperature. This suggests that the increase impact in decomposition efficiency with increasing temperature was much greater than the decrease impact in the decomposition efficiency with decreasing residence time.
The residual concentration of CCl 4 decreased with decreasing the flow rate of Ar from 30 to 10 ml·min ¹1 (see Figs. 7 and 8), which indicates that flow rate also affects the decomposition efficiency at a given temperature. This may be because the specific surface area of a CCl 4 bubble increased due to the formation of small bubble under the slow flow rate. From the above investigation, it was found that the decomposition efficiency was drastically increased by using basic molten salts and this process was very effective for the decomposition of CCl 4 .
Decomposition of C 6 H 5 Cl by molten salts
Based on the above results, the decomposition of C 6 H 5 Cl by molten salts was carried out. The decomposition efficiency of C 6 H 5 Cl by KOH-20 mol% K 2 CO 3 is shown in Fig. 9 . The decomposition efficiency increased with increasing temperature and reached 97% at 983 K. The decomposition efficiency of C 6 H 5 Cl was lower than that of CCl 4 . Since the driving force of reaction is thermodynamically large enough, the insufficient decomposition efficiency should be derived from kinetic factors. An estimated cause is that the reaction rate is relatively slow because a benzene ring of C 6 H 5 Cl is chemically tough compared to CCl 4 . Another estimated cause is that the mass transfer of reactant or product on reaction interface is hindered. As shown in Eqs. (3) and (4), KCl, H 2 O, and CO 2 were formed by the reaction of CCl 4 with molten salts. On the other hand, as shown in Eqs. (5), (6) , and (7), solid carbon or degraded products such as benzene probably is formed by the reaction of C 6 H 5 Cl with molten salts along stoichiometry. This means that oxygen is further required for completely combusting carbon in reactant. If unburned matters such as solid carbon and benzene form, they may be a barrier for the reaction interface between C 6 H 5 Cl gas and molten salts and hinder the diffusion of reactants and products. If oxygen (oxidant) is additionally introduced in the feed mixed gas, the decomposition reaction may be promoted by removing the solid carbon or the degraded products into gas phase as CO 2 .
Estimation of decomposition ability of molten salt
The concentration of by-product KCl is increased with the progression of decomposition processing of CCl 4 or C 6 H 5 Cl. However, the KOH based salt dissolve a large amount of KCl and homogeneous liquid phase is kept. As a simplified case, molten KOH dissolves KCl up to 74 mol% KCl (79 mass% KCl) at 973 K as shown in Fig. 10 . 29 For the discussion of the driving force for the decomposition, the Gibbs energy change of reaction (3) Where, a i and p i denote activity and partial pressure of component i, respectively. The activity of KOH is decreased due to dilution with the by-product KCl. When the concentration of KOH decreased to 50 mol% and the activity coefficient of KOH is assumed to be unity, the variation in the Gibbs energy change caused by the decrease of activity of KOH, ¦(¦G (3) ) is calculated as follows. From the viewpoint of mass transport, the viscosities of KOH and KCl are 0.42 and 1.36 mPa·s at 973 K, respectively. 27 The viscosity of the mixed salt is slightly increased with increasing KCl concentration, 30 but the mixed salt has enough fluidity. Therefore, the mass transfer derived from viscosity does not change.
A portion of CO 2 by-product may also be absorbed in the molten salt with the progression of decomposition processing, and carbonate (K 2 CO 3 ) may be formed. However, the solubility of K 2 CO 3 in KOH is large as shown in Fig. 2 , and the effect of CO 2 accumulation on the decomposition ability of molten salt is small. As discussed above, the decomposition ability of the molten salt is kept even though considerable amount of chloride is concentrated in the molten salt.
Conclusions
The decomposition of CCl 4 and C 6 H 5 Cl as a simplified imitation substance of PCBs by using basic molten salts with a low melting point and an oxidizing ability (mixed salt of hydroxide and carbonate) were investigated in order to establish a safe, simple and highly efficient decomposition process for PCBs. CCl 4 vapor was supplied into KOH-K 2 CO 3 molten salts at 673973 K together with Ar, and the residual concentration of CCl 4 in the exhaust after the decomposition treatment was measured. The decomposition efficiency of CCl 4 strongly depended on the reaction temperature and the immersion depth of the gas nozzle, and the efficiency reached to very high of 99.9% at relatively low temperature of 873 973 K. The decomposition efficiency of C 6 H 5 Cl was not enough under the condition applied in this study, but the efficiency reached to 97% at 983 K.
